Nitric oxide (NO) is a gaseous molecule that regulates angiogenesis and vasodilation via activation of the cGMP pathway. However, functional roles of NO during embryonic development from spherical blastocysts to elongated filamentous conceptuses (embryo and extraembryonic membrane) during the peri-implantation period of pregnancy have not been elucidated in vivo. In order to assess roles of NO production in survival and development of the ovine conceptus, we conducted an in vivo morpholino antisense oligonucleotide (MAO)-mediated knockdown trial of nitric oxide synthase-3 (NOS3) mRNA, the major isoform of NO synthase, in ovine conceptus trophectoderm (Tr). Translational knockdown of NOS3 mRNA results in small, thin, and underdeveloped conceptuses, but normal production of interferon-tau, the pregnancy recognition signal in sheep. MAO-NOS3 knockdown in conceptuses decreased the abundance of NOS3 (72%, P , 0.05) and the arginine transporter SLC7A1 proteins in conceptus Tr. Furthermore, the amounts of ornithine and polyamines were less (P , 0.01) in uterine fluid, whereas the amounts of arginine (58%, P , 0.01), citrulline (68%, P , 0.05), ornithine (68%, P , 0.001), glutamine (78%, P , 0.001), glutamate (68%, P , 0.05), and polyamines (P , 0.01) were less in conceptuses, which likely accounts for the failure of MAO-NOS3 conceptuses to develop normally. For MAO-NOS3 conceptuses, there were no compensatory increases in the expression levels of either nitric oxide synthase-1 (NOS1) or nitric oxide synthase-2 (NOS2) or in expression of enzymes for synthesis of polyamines (ornithine decarboxylase, arginine decarboxylase, agmatinase) from arginine or ornithine with which to rescue development of MAO-NOS3 conceptuses. Thus, the adverse effect of MAO-NOS3 to reduce NO generation and the transport of arginine and ornithine into conceptuses is central to an explanation for failure of normal development of MAO-NOS3, compared to control conceptuses. The study, for the first time, created an NO-deficient mammalian conceptus model in vivo and provided new insights into the orchestrated events of conceptus development during the peri-implantation period of pregnancy. Our data suggest that NOS3 is the key enzyme for NO production by conceptus Tr and that this protein also regulates the availability of arginine in conceptus tissues for synthesis of polyamines that are essential for conceptus survival and development.
INTRODUCTION
During the peri-implantation period of pregnancy, mammalian conceptuses (embryo/fetus and its extraembryonic membranes) undergo rapid elongation (a reduction in diameter and an extensive increase in length) in response to histotroph [1, 2] . Histotroph represents a complex mixture of secretions from uterine luminal epithelium (LE), superficial glandular epithelium (sGE), and deeper glandular epithelium (GE) of the uterine endometrium that includes enzymes, growth factors, adhesion proteins, cytokines, hormones, transport proteins, amino acids, and glucose [1, 3] . Deficiencies in the composition of uterine histotroph prevent or stunt development of conceptuses [4, 5] . Of particular interest is the physiological amount of arginine (a nutritionally essential amino acid) that is critical for conceptus growth and development [6, 7] , including synthesis of nitric oxide (NO) via NO synthase (NOS) and polyamines (putrescine, spermidine, spermine) via ornithine decarboxylase (ODC1) [8] [9] [10] and, as we recently discovered, the arginine decarboxylase (ADC) and the agmatinase (AGMAT) pathway for mammalian synthesis of polyamine [11] . NO is a major regulator of angiogenesis and uteroplacenta-fetus blood flow that affects delivery of nutrients and oxygen from mother to fetus [12] [13] [14] [15] , whereas polyamines have key roles for DNA [16] [17] [18] and protein synthesis, scavenging reactive oxygen species [19] , and stimulating proliferation [20] [21] [22] and differentiation of cells [21, 23] .
Our previous studies of pregnant ewes during the periimplantation period of pregnancy revealed that 1) arginine increases substantially in both the ovine uterine lumen and conceptuses [6, 11] ; 2) physiological levels of arginine activate the mechanistic target of rapamycin complex 1 (MTORC1) cell signaling pathway in primary ovine trophectoderm (oTr) cells in vitro, thereby enhancing proliferation, attachment, and elongation of conceptus trophectoderm (Tr) for implantation [20, 24, 25] ; 3) expression of transporters for arginine in uterine epithelia (SLC7A1 and SLC7A2) and conceptuses (SLC7A1) increases [26] ; 4) ODC1 as well as ADC and AGMAT are key enzymes for synthesis of polyamines in conceptus Tr [11] ; 5) NOS3 (endothelial NOS) rather than NOS1 (neuronal NOS) or NOS2 (inducible NOS) is abundant in Tr and endoderm of peri-implantation ovine conceptuses [27] ; 6) in vivo translational knockdown of SLC7A1 mRNA, the major transporter of arginine in conceptuses, retards embryonic development [7] ; and 7) in vivo translational knockdown of ODC1 mRNA in conceptuses results in variable phenotypes based on their ability to activate the novel and alternative ADC/AGMAT pathway for synthesis of polyamines, as polyamine-deficient conceptuses fail to elongate [11] . These results revealed the importance of arginine during the peri-implantation period of pregnancy in sheep. However, the functional role of NO generated by NOS3 from arginine in conceptuses remains unclear.
Available evidence from studies in mouse embryos in culture indicates that NO regulates early stage embryonic development, because excess NO causes apoptosis, whereas a deficiency in NO inhibits embryonic development (from twocell to blastocyst stage) [28, 29] . There is no published work on successful creation of an in vivo NO-deficient conceptus model to assess effects of NO insufficiency on conceptus development during the peri-implantation period of pregnancy. Therefore, we used a morpholino antisense approach to knockdown translation of NOS3 mRNA specifically in conceptus Tr to determine functional roles of NOS3 in NO synthesis from arginine to affect development of the conceptus.
Using this approach, we tested the hypothesis that NO is required for normal growth and development of peri-implantation ovine conceptuses as a model for mammalian conceptus development. We now report that a deficiency in NO in the conceptus resulting from in vivo loss of function of NOS3 [30] , stunts development of ovine conceptuses during the periimplantation period of pregnancy.
MATERIALS AND METHODS

Morpholino Design
Morpholino antisense oligonucleotides (MAOs) were designed and synthesized by Gene Tools (Philomath) to directly inhibit translational initiation of NOS3 mRNA, the major isoform of NOS in ovine conceptuses [27] . A 5 0 -scrambled morpholino served as the MAO control. The MAO-NOS3 had the sequence 5 0 -ACACT CTTCA AGTTG CCCAT GTCGC-3 0 and targeted the starting codon of NOS3 mRNA, whereas the MAO control had the sequence 5 0 -CCTCT TACCT CAGTT ACAAT TTATA-3 0 and targeted a splice site mutant of Homo sapiens hemoglobin b-chain (HBB) gene (GenBank accession no. GU324922). All morpholinos were synthesized with a 3 0 -lissamine modification to allow confirmation of uptake of each MAO by conceptus Tr by fluorescence microscopy.
Animal Model
Mature Rambouillet ewes (Ovis aries) were observed daily for estrus (Day 0 indicates the day of onset of estrus) in the presence of vasectomized rams and used in experiments after they had exhibited at least 2 estrous cycles of normal duration (16-18 days) . All experimental and surgical procedures were in compliance with the Guide for the Care and Use of Agriculture Animals in Research and Teaching, and approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Experimental Design and Tissue Collection
At estrus, ewes (n ¼ 20) were mated to an intact ram of proven fertility. On Day 8 after mating, the base of the uterine horn ipsilateral to the corpus luteum (CL) of ewes that had not returned to estrus (n ¼ 7 for each MAO type) was double ligated to prevent migration of conceptus into the contralateral uterine horn. This procedure does not affect development or implantation of ovine conceptuses [30] . MAO-NOS3 or MAO control (100 nmol) was complexed with Gene Tools Endo-Porter delivery reagent (100 ll) and diluted to 1-ml final volume with OPTI-MEM (Life Technologies) and injected into the lumen of the uterine horn ipsilateral to the CL, within which it was rapidly and uniformly distributed. On Day 16, ewes with functional CL were ovariohysterectomized to obtain conceptuses, uterine flushings, and uterine tissues from the treatment groups: MAO-NOS3 (n ¼ 7) and MAO control (n ¼ 7) ewes. Briefly, the ligated uterine horn ipsilateral to the CL was flushed with 10 ml of sterile phosphate-buffered saline (PBS, pH 7.2). Pregnancy rates were recorded based on the presence or absence of a functional CL and the presence of a conceptus in the uterine flushing. If a conceptus was present, its morphology was recorded as small, thin, fragile, fragmented, elongated, or normally elongated and healthy. After photographing each conceptus, using a digital camera, the conceptus was immediately removed from the uterine flush with a transfer pipette, and the recovered volume of uterine flush was recorded. Portions of the conceptus were then placed in optimal cutting temperature (OCT) compound (Fisher), frozen in liquid nitrogen, and stored at À808C. Another portion of the conceptus was fixed in freshly prepared 4% (wt/vol) paraformaldehyde in PBS (pH 7.2) for 24 h and then transferred to 70% ethanol for 24 h. The fixed tissues were dehydrated through a graded series of alcohol to xylene and embedded in Paraplast-Plus (Oxford Labware). The remaining conceptus tissue was snapfrozen in liquid nitrogen and stored at À808C. Sections (;0.5 cm) from the mid-portion of each ligated uterine horn ipsilateral to the CL were fixed in fresh 4% paraformaldehyde for embedding in Paraplast-Plus (Sigma). The uterine flush was clarified by centrifugation (5000 3 g for 15 min at 48C), divided into aliquots, and stored at À808C until analyzed. Protein concentration in uterine flushing was measured by the Bradford method using bovine serum albumin as the standard and the value multiplied by the volume of uterine flushing to estimate total protein. This study was performed with the same number of ewes in each treatment group in both the 2011 and 2012 fall breeding seasons.
Radioimmunoassay of Interferon-tau
The amount of interferon-tau (IFNT) in the uterine flush was quantified using a radioimmunoassay developed at Colorado State University, using recombinant ovine IFNT (roIFNT) protein and anti-roIFNT polyclonal antibody (1:60 000 dilutin) as reported previously [7, 11, 31] . This radioimmunoassay was optimized for detection of IFNT in uterine flushings at a sensitivity of 0.1 ng/ml and a range of detection of 0.1-13 ng/ml. The intraand interassay coefficients of variation were 6.2% and 4.0%, respectively.
Histological Analyses of Conceptus Morphology
The conceptuses embedded in paraffin were sectioned (;5 lm) and mounted on glass slides for staining with hematoxylin and eosin as described previously [26] . The shape of each tissue sample was examined, and images were captured using an Axioplan 2 microscope with Axiocam HR digital camera and Axiovision 4 software (Carl Zeiss Microscopy).
Immunohistochemical Analyses
Immunohistochemical localization of the NOS3, ODC1, and SLC7A1 proteins in ovine uteri and conceptuses was performed as described previously [27] , using tissue sections of uteri (;10 lm) and conceptuses (;5 lm) with mouse anti-NOS3 monoclonal immunoglobulin G (IgG; catalog no. 610297; BD Transduction Laboratories), rabbit anti-ODC1 polyclonal IgG (catalog no. ab97395; Abcam), and rabbit anti-SLC7A1 polyclonal IgG (IgG; catalog no. ab37588; Abcam) at dilutions of 1:250, 1:500, and 1:250, respectively. Antigen retrieval was performed using boiling 0.01 M sodium citrate buffer (pH 6.0) for NOS3 and ODC1 proteins, and protease (0.5 mg/ml in PBS; catalog no. P5147; Sigma-Aldrich) for SLC7A1 protein. Purified nonrelevant mouse or rabbit IgG was used as a negative control to replace the primary antibody at the same final concentration. Immunoreactive protein was visualized in sections, using the Vectastain ABC Kit (catalog no. PK-6101 for rabbit IgG and PK-6102 for mouse IgG; Vector Laboratories) following the manufacturer's instructions and 3,3 0 -diaminobenzidine tetrahydrochloride (catalog no. D5637; Sigma-Aldrich) as the color substrate. Sections were prepared without counterstaining before affixing coverslips.
Quantitative Immunofluorescence Microscopy
Effective delivery of the lissamine-labeled MAOs was assessed using fluorescence microscopy. Cryosections (;8 lm) of the conceptuses were prepared and placed directly in mounting medium containing 4 0 ,6-diamidino-2-phenylindole (DAPI) to visualize nuclei [30] . Also, the translational knockdown efficiency of NOS3 and its effects on the NOS1, NOS2, ADC, WANG ET AL.
and AGMAT proteins were evaluated in frozen conceptus sections by immunofluorescence microscopy as previously described [20, 25, 32] . Briefly, the cryosections (;8 lm) of conceptuses were fixed in cold methanol for 10 min at À208C. After removal of OCT and rinsing with 0.02 M PBS containing 0.3% Tween (PBS/Tween), the sections were blocked in 5% normal goat serum (1:10 dilution) for 2 h at room temperature, rinsed, and then incubated with a primary antibody overnight at 48C. Primary antibodies included mouse anti-NOS3 monoclonal IgG (catalog no. 610297; BD Transduction Laboratories), rabbit anti-NOS1 polyclonal IgG (catalog no. 4134; Cell Signaling), mouse anti-NOS2 monoclonal IgG (catalog no. N32030/L20; Transduction Laboratories), rabbit anti-ADC polyclonal IgG (catalog no. HPA028045; Sigma-Aldrich), and rabbit anti-AGMAT polyclonal IgG (catalog no. ab85172; Abcam) at dilutions of 1:250, 1:100, 1:100, 1:50, and 1:100, respectively. Purified nonrelevant mouse or rabbit IgG was substituted for the primary antibody as a negative control. Sections probed with a primary antibody were incubated with goat anti-rabbit IgG Alexa 488 or goat anti-mouse IgG Alexa 594 (Millipore) at 1:250 dilution for 1 h at room temperature and then rinsed in PBS/Tween and overlaid with Prolong Gold Antifade (Life Technologies) with DAPI. Slides were stored at 48C in the dark before microscopy analysis. Digital fluorescence images of conceptuses were captured using an Axioplan 2 microscope with an Axiocam HR camera and Axiovision 4 software (Carl Zeiss). For each primary antibody, images were captured with identical microscope and detector settings to facilitate comparisons of spatial distribution and fluorescence intensity among treatments. To ensure specificity of signals and absence of fluorescence bleed-through, sections were examined with fluorescence filter sets at longer and shorter wavelengths. Sections from conceptuses from all treatment groups were analyzed in duplicate in the same run. Signals were quantified using Image J version 1.47 software (U.S. National Institutes of Health) and the standardized procedures described previously [33] .
Analyses of Amino Acids, Polyamines, and Agmatine
Concentrations of amino acids, agmatine, and polyamines were determined in uterine flushes and conceptuses as previously described [7, 11, [34] [35] [36] . Briefly, uterine flushes (100 ll) or conceptuses (;20 mg) were acidified with 200 ll of 1.5 M HClO 4 and neutralized with 100 ll of 2 M K 2 CO 3 . The neutralized extracts (for amino acids, 1:25 dilution for both conceptuses and uterine flushes; for polyamines and agmatine, 1:5 dilution for conceptuses, and no further dilution for uterine flushes) were used for high-performance liquid chromatography analysis involving precolumn derivatization with an ophthaldialdehyde (OPA) solution. Amounts of amino acids, putrescine, spermidine, spermine, and agmatine in samples were quantified on the basis of authentic standards.
Statistical Analyses
Normality of data and homogeneity of variance were tested using the Shapiro-Wilk test and Brown-Forsythe test in Statistical Analysis System version 8.1 software (SAS Institute). Data were analyzed by least squares oneway ANOVA and post hoc analysis (Fisher least significant difference test) with each ewe/conceptus as an experimental unit. Effects of treatment on pregnancy rates were analyzed using the chi-square test. All analyses were performed using SAS. Data are means 6 SEM and a P value of ,0.05 was considered significant.
RESULTS
In Vivo Knockdown of NOS3 Compromises Growth and Development of Ovine Conceptuses
We first investigated in vivo knockdown of NOS3 protein, the major isoform of NOS in ovine conceptus Tr, to determine effects on growth and development of the conceptus on Day 16 of pregnancy. In comparison to MAO control conceptuses that were morphologically and functionally normal filamentous conceptuses, MAO-NOS3-treated conceptuses were smaller, thinner,and less elongated to the filamentous form (Fig. 1A) . Histological analysis revealed that compared to MAO control conceptuses with well-organized Tr and extraembryonic endoderm, MAO-NOS3 conceptuses Tr were disorganized (thinner, smaller, and elongated to a lesser extent), and endoderm was absent (Fig. 1B) . As a measure of functional competency of Tr, we assessed the total amount of IFNT in the uterine flushing (volume of uterine flush 3 concentration of IFNT) as it is the pregnancy recognition signal produced by mononuclear conceptus Tr cells. There were no significant differences between total IFNT (P . 0.05) in uterine flushes and that in the MAO-NOS3-treated and MAO control conceptuses (Fig. 1C) . Moreover, there were no differences between the pregnancy rates (Fig. 1D) , volumes of uterine flush recovered (Fig. 1E) , or total recoverable proteins in uterine flushes (Fig. 1F) of MAO control and those of MAO-NOS3 treatment groups.
MAO Delivery and Knockdown Effect of NOS3 Protein in Ovine Conceptuses
Efficiencies for MAO delivery and knockdown of NOS3 by immunofluorescence microscopy were evaluated. The orangecolored 3 0 -lissamine tag in MAOs ( Fig. 2A) confirmed MAO uniform uptake by conceptus trophectoderm (Fig. 2E) . Furthermore, knockdown (P , 0.01) of NOS3 protein was confirmed in MAO-NOS3, compared with MAO control conceptuses (Fig. 2 , B, C, and F). There were no differences in NOS3 protein in uterine LE, sGE, and GE (Fig. 2D) , as expected, because these cells do not take up MAOs [11] . These results indicated that MAOs were efficiently delivered only into conceptus Tr and that successful knockdown of NOS3 protein was achieved in MAO-NOS3 conceptuses.
In Vivo Knockdown of NOS3 Suppresses Expression of SLC7A1 Protein Without Affecting Expression of ODC1 Protein in Ovine Conceptuses
During the peri-implantation period of pregnancy, arginine is transported mainly by SLC7A1 from the uterine lumen into conceptus Tr and is then metabolized to either citrulline and NO by NOS3 or to polyamines by arginase (arginine to ornithine) and ODC1 [27] . Therefore, we compared the abundance of ODC1 or SLC7A1 proteins between MAO control and MAO-NOS3 conceptuses and determined that SLC7A1 was less abundant in MAO-NOS3 than in MAO control conceptuses (Fig. 3B) , whereas the abundance of ODC1 protein was similar between the MAO-NOS3-treated and MAO control conceptuses (Fig. 3A) .
Amounts of Arginine and Its Metabolites in Conceptuses and the Uterine Lumen
To examine whether downstream products of arginine (citrulline, ornithine, agmatine, and/or polyamines) and precursors of arginine (glutamine and glutamate) were affected by knockdown of NOS3 protein, we analyzed their abundance in uterine flushes and conceptus tissues for all ewes. No differences in amounts of arginine, glutamine, or glutamate were detected in uterine flushings between MAO-NOS3 and MAO control ewes (Fig. 4A) . However, citrulline increased approximately 4-fold (P , 0.05), and ornithine decreased approximately 45% (P , 0.01) in the uterine lumen of MAO-NOS3, compared to that in MAO control ewes (Fig. 4A) . The amounts of arginine, citrulline, ornithine, glutamine, and glutamate were decreased in MAO-NOS3 conceptuses by 58% (P , 0.01), 68% (P , 0.05), 68% (P , 0.001), 78% (P , 0.001), and 76% (P , 0.05), respectively, compared with those in MAO control conceptuses (Fig. 4B) . Putrescine, spermidine, and spermine were all less abundant (P , 0.05) in uterine flushes from MAO-NOS3 compared with those in MAO control ewes (Fig. 4C) . Also, within conceptus tissues, the abundance levels of putrescine, spermidine, and spermine in NITRIC OXIDE DEFICIENCY AND CONCEPTUS DEVELOPMENT MAO-NOS3 were 65% (P , 0.001), 70% (P , 0.001), and 74% (P , 0.001) less, respectively, in comparison with those in MAO control conceptuses (Fig. 4D) . However, the amounts of agmatine in either the uterine lumen or conceptuses were not affected by treatment (Fig. 4, E and F) , suggesting that our recently discovered alternative pathway for polyamine biosynthesis in ovine conceptus Tr was not impaired at the availability of substrates for the ADC/AGMAT pathway for synthesis of polyamines [11] .
In Vivo Knockdown of NOS3 Failed To Induce Compensatory Increases in Expression of NOS1 and NOS2 or the ADC/AGMAT Rescue Pathway for Synthesis of Polyamines
Even though NOS3 is primarily responsible for conversion of arginine to NO and citrulline and the arginase/ODC1 pathway is the conventional pathway for production of polyamines in peri-implantation conceptuses, we investigated the possibility of compensatory increases in expression of NOS1 and NOS2 to produce NO, as well as the ADC/AGMAT rescue pathway for synthesis of polyamines. Quantitative immunofluorescence (IF) analyses indicated no differences between the abundance levels of NOS1 (Fig. 5, A and E) , NOS2 (Fig. 5, B and F) , ADC (Fig. 5, C and G) , or AGMAT (Fig. 5, D and H) proteins in MAO-NOS3 and those in MAO control conceptuses. In fact, there were low levels of expression for each of those proteins. These results suggest that knockdown of NOS3 mRNA translation does not induce rescue pathways for either production of NO by NOS1 and/or NOS2 or production of polyamines via the ADC/AGMAT pathway.
DISCUSSION
Peri-implantation embryonic mortality is a long-standing unsolved problem in animal production and in the reproductive health of women during early pregnancy when 20%-40% of embryonic death losses occur [1] . During gestation, growth and development of the conceptus requires nutrients such as amino acids, glucose, fatty acids, vitamins, and minerals, which are transported from maternal plasma into the uterine lumen and then into the conceptus tissues and the circulatory system of the conceptus [37] . During the peri-implantation period of pregnancy in mammals such as sheep and pigs, conceptuses undergo a rapid morphological transition from spherical to tubular and filamentous forms in response to components of histotroph as a prerequisite for central type of noninvasive implantation [38, 39] . Of these nutrients, arginine, which is a precursor for both NO and polyamine biosynthesis [20, 24, 27, 40] , increases markedly in the ovine uterine lumen between Days 10 and 15 of pregnancy [6] . The abundance of arginine in the uterine lumen is highly correlated with the morphological transition of conceptuses (spherical to tubular to filamentous forms) and the period of signaling for pregnancy recognition by IFNT from conceptus Tr. Results of our previous studies showed the critical role of arginine in supporting normal conceptus development by demonstrating that in vivo translational knockdown of SLC7A1 mRNA, the major transporter of arginine in ovine conceptus, leads to abnormal development [7] . Furthermore, we demonstrated the importance of polyamines (i.e., putrescine, spermidine, and spermine) in conceptus development via in vivo translational knockdown of ODC1 mRNA, the key enzyme for polyamines synthesis in the arginine-ornithine-putrescine pathway [11] . However, the in vivo function of NO derived from arginine via NOS3 in the peri-implantation ovine conceptus has not been investigated. Therefore, we wished to gain insight into the functional roles of arginine as a physiological NO donor for NO-induced cell signaling affecting embryonic survival, growth, and develop- NITRIC OXIDE DEFICIENCY AND CONCEPTUS DEVELOPMENT ment by using an in utero morpholino loss-of-function approach to knockdown NOS3 protein only in conceptus Tr.
The results of the present study provide the first in vivo physiological evidence that NO is critical for peri-implantation conceptus survival, growth, and development. Deficiency of NO in conceptus Tr leads to morphologically delayed development of conceptuses (elongated but smaller, thinner, and disorganized) (Fig. 1, A and B) . Besides biosynthesis of polyamines, arginine can be converted to NO and citrulline by NO synthase, which includes NOS1, NOS2, and NOS3. Phosphorylation of NOS3 increases its enzymatic activity, whereas NOS1 enzymatic activity is elevated by its dephosphorylation. In fact, both NOS3 mRNA and protein are abundant in the Tr and endoderm of peri-implantation ovine conceptuses, whereas NOS1 mRNA and protein are expressed very weakly in conceptuses with highly inhibitory phosphorylation occurring during the peri-implantation period of pregnancy [27] . Clearly, an appropriate supply of NO to the conceptuses is particularly important for ruminants and pigs, which have synepitheliochorial and epitheliochorial placentae, respectively, and for conceptuses that undergo rapid elongation during a protracted peri-implantation period [41] . However, in the present study, the normal level of IFNT production indicated that the developmentally delayed conceptuses function well in terms of secreting IFNT, the pregnancy recognition signal (Fig. 1C) . These results support the hypothesis that NO is important for normal growth and development of the ovine conceptus [42] and that the stunted phenotype (smaller, thinner, and less elongated) observed in two replicates of MAO-NOS3 treatments of ovine conceptuses in 2011 (n ¼ 7) and 2012 (n ¼ 6) was due to NO insufficiency and downstream adverse effects on such pathways as synthesis of polyamines.
After confirming MAO delivery and knockdown of NOS3 protein in conceptuses without affecting its expression in the uterus (Fig. 2) , we examined metabolic cross-linking effects among SLC7A1, ODC1, and NOS3. Interestingly, the SLC7A1 protein was less abundant in MAO-NOS3 conceptuses, whereas there were no differences between the amounts of ODC1 protein in MAO control and those in MAO-NOS3 conceptuses (Fig. 3, A and B) . These results suggest the existence of cross-talk between arginine transporter SLC7A1 and NOS3 at the protein level with respect to efficiency of the transport of arginine into conceptus tissues or the enzymatic activities of arginase and ODC1 for production of polyamines [43] .
Next, we determined actual amounts of amino acids related to NO metabolism in the uterine lumen and their concentrations in conceptuses. In comparison to those in the MAO control, the amounts of arginine, glutamine, and glutamate in the uterine lumen were not affected by knockdown of NOS3 protein in conceptuses. This is because ,1% of the circulating arginine is used for NO synthesis in mammals in vivo [40] . However, increases in citrulline (P , 0.05) and decreases in ornithine (P , 0.01) in the uterine lumen may suggest 1) increased secretion of citrulline into the uterine lumen and/or reduced uptake of citrulline by the embryo; and 2) decreased secretion of ornithine into the uterine lumen, increased uptake of citrulline by the embryo, and/or increased catabolism of ornithine through the ornithine aminotransferase pathway in the uterine LE/sGE and GE of MAO-NOS3 [40] . Because citrulline is a coproduct of NOS, we determined the concentration of citrulline in the conceptus to gain insight into NO production due to limitations for directly assessing the production of gaseous NO with a biological half-life less than 5 sec. Our results confirm that knockdown of NOS3 in conceptuses decreases the abundance of citrulline in conceptuses.
Glutamine and glutamate are involved not only in energy metabolism to spare glucose, but they are also precursors for WANG ET AL.
FIG. 4.
In vivo knockdown of NOS3 protein reduced the abundance of arginine-related amino acids in conceptuses but differentially affected their abundance in the uterine lumen, whereas concentrations of polyamines were lower in both the uterine lumen (*P , 0.05) and the conceptuses (***P , 0.001) of MAO-NOS3 conceptuses, and agmatine levels did not differ among the uterine lumen and the MAO-NOS3 and MAO control conceptuses. A) Total amounts of arginine, glutamine, and glutamate (nmol) in uterine flushes did not differ between MAO control and MAO-NOS3-treated ewes; however, the total amount of citrulline was greater (*P , 0.05) and ornithine was lower (**P , 0.01) in uterine flushes of MAO-NOS3 than in MAO control conceptuses. B) The concentrations of arginine, citrulline, ornithine, glutamine, and glutamate (nmol/g conceptus) in conceptus tissue extracts were lower (*P , 0.05; **P , 0.01; ***P , 0.001) for MAO-NOS3 than in MAO-control conceptuses. Total amounts of polyamines (nmol) in uterine flushes (C) as well as concentrations of polyamines (nmol/g conceptus) in conceptus tissue extracts (D) were lower (***P , 0.001) in MAO-NOS3 than in MAO control. Total amounts of agmatine (nmol) in uterine flushes (E) as well as the concentrations of agmatine (nmol/g conceptus) in conceptus tissue extracts (F) in MAO-NOS3 were similar (P . 0.05) to those in MAO control. Data are means 6 SEM.
NITRIC OXIDE DEFICIENCY AND CONCEPTUS DEVELOPMENT the biosynthesis of arginine in the small intestine [40, [44] [45] [46] . Arginine is the only nitrogenous source for NO production in cells during the peri-implantation period of pregnancy. Glutamine and glutamate derive their amino groups from branched-chain amino acids in multiple maternal tissues, including skeletal muscle, heart, and white adipose tissue [47] . Likewise, the concentration of ornithine (produced from arginine hydrolysis by arginase) in MAO-NOS3 conceptuses was reduced in comparison with that in MAO-control. Decreases in arginine, ornithine, glutamine, and glutamate in MAO-NOS3 conceptuses suggest disruption in pathways for their synthesis. Additionally, NOS3, which is localized primarily in the membrane-bound caveolae, may play a role in affecting the transport of basic, neutral, and acidic amino acids by conceptuses [43] .
Next, we assessed expression of alternative isoforms of NOS (NOS1 and NOS2) for NO production and an alternative pathway (arginine to agmatine to putrescine) for polyamine biosynthesis via ADC and AGMAT [11] . The lack of differences in the abundance levels of NOS1, NOS2, ADC, and AGMAT proteins between MAO-NOS3 and MAO control ewes suggests that those alternative pathways for production of NO and polyamines were not activated to prevent decreases in NO in the MAO-NOS3 conceptuses (Fig. 5) . Thus, no compensatory mechanisms for NO synthesis exist in MAO-NOS3 conceptuses when NOS3 is absent, further underscoring the importance of normal expression of this protein in embryonic survival, growth, and development. Moreover, agmatine in the uterine lumen and conceptuses may account for smaller and thinner, but elongated MAO-NOS3 conceptus phenotype that included normal production of IFNT. This result may indicate a critical role for agmatine in conceptus elongation and establishment of pregnancy recognition signaling during the peri-implantation period of pregnancy in sheep. Further studies are required to test this novel hypothesis.
Novel results from this in vivo study of NOS3 protein knockdown that creates an NO-deficient mammalian conceptus model suggest that conceptus development is morphologically stunted when production of NO and its metabolites is blocked. Previous studies with human embryos revealed that a dosedependent effect of NO on progression of development of embryos to blastocysts [48] . However, there are no published reports of the importance of NO production from blastocysts as they develop to peri-implantation conceptuses in vitro; and no data on metabolic or physiological changes in the conceptuses for an in vivo animal model have been published. Notably, our present in vivo study revealed for the first time an essential role for NO for survival, growth, and development of periimplantation ovine conceptuses using an in utero morpholino loss-of-function approach to knockdown NOS3, the major NOS isoform for NO production in conceptus Tr. This study further dissected out the functional roles of arginine in periimplantation conceptuses via NO synthesis. Thus, as a functional amino acid that can regulate key metabolic pathways in animals [49] , dietary arginine is required by the gestating mother for optimal pregnancy outcomes [42, 50] .
In summary, physiological levels of NO are essential for survival, growth, and development of the ovine conceptus (Fig.  6) . In vivo knockdown of NOS3, the major isoform of enzyme for NO synthesis in conceptuses, stunted their morphological development (smaller, thinner, and less elongated) due to the deficiency in NO and subsequent reduced abundance levels of arginine, ornithine, and polyamines in conceptus tissues and those of polyamines in the uterine lumen. However, the conceptuses maintained the function of producing IFNT for pregnancy recognition signaling and agmatine, which is a potential substrate for synthesis of polyamines. NOS3 may play an important role in regulating transport and metabolism of amino acids in the conceptuses. Future studies will address whether there are specific roles for agmatine under physiological and/or NO-deficient conditions in reproductive functions and conceptus development, as well as underlying mechanisms for relationships between NO and its regulation of other components in histotroph such as hormones (e.g., progesterone), growth factors (e.g., fibroblast growth factor 7 and hepatocyte growth factor) and adhesion proteins (e.g., secreted phosphoprotein 1) vital to survival, growth, and development of the mammalian conceptus.
